The microstructures of thick plasma-sprayed yttria-stabilized zirconia (8% mass fraction yttria) deposits were studied in a series of Porod small-angle neutron scattering (SANS) and multiple small-angle neutron scattering (MSANS) experiments. Three main void components were identified in the deposits: intrasplat cracks, interlamellar planar pores, and globular pores. The SANS and MSANS measurements were analyzed using the traditional theory for Porod scattering and a recently developed three-component model for MSANS evaluation. The average size, volume fraction, internal surface area, and orientation distribution for each void component within the deposits were determined. This study focused on gaining a better understanding of the effects of initial feedstock particle size and annealing temperatures on the microstructure of deposits sprayed under equivalent particle-impact conditions. Quantitative results are presented for each of four deposit samples: one prepared using the as-received feedstock particle wide-size distribution and three prepared from feedstock powder of different and relatively narrow particle size ranges with average sizes of 32, 47, and 88 m. Except for the coarse (88 m) feedstock powder, only mild monotonic variations were found in the microstructural anisotropies, the porosities (13 ± 1%), and the internal surface areas in the as-sprayed deposits. The internal surface area was independent of the feedstock particle size, even with the coarse feedstock. When the deposits were annealed at high temperatures (1100 and 1400°C), the microstructures were altered with a reduction of the total internal surface area and a mild coarsening of the voids. These changes in the microstructural evolution were well-captured and described by the three-component model. The results were compared and related with those obtained from scanning electron microscopy images and elastic moduli measurements.
I. INTRODUCTION
Small-angle neutron scattering (SANS) and electron microscopy investigations have indicated that the microstructure of plasma-sprayed ceramic deposits consists mainly of three different types of voids: interlamellar planar pores, intrasplat cracks, and globular pores. 1 Characterizing the nature of these voids is of practical importance since the mechanical and thermal properties of the deposits depend strongly on the microstructure. Correlating the variations in the properties with those of the microstructure can thus provide a basis for optimal design and fabrication of deposits for different applications.
Plasma-sprayed deposits are prepared by spraying molten or partially molten feedstock particles onto a solid substrate. Upon rapid solidification and cooling, the particles form a complex structure composed of solid splats or lamellae separated by interlamellar pores. As shown in Fig. 1 , cracks as well as globular voids appear inside the lamellae and are likely due to rapid solidification of the molten particles. The resultant structure depends on a number of processing parameters whose influence on the microstructure needs to be systematically investigated. Understanding this dependence may lead to a better predictability of the deposit microstructure and, more importantly, to the capability to tailor the properties of these materials for specific applications.
Recently, some of the present authors described the results of a systematic investigation of the influence of spray angle on several plasma-sprayed deposits. 1 In the present paper, we describe new results of a series of experiments aimed at investigating the role of the size of the feedstock powder particles on the microstructure of the deposits. For this purpose, a single batch of sphe-roidized feedstock powder (Sulzer-Metco, Troy, MI) was used: yttria-stabilized (8% mass fraction) zirconia (YSZ) with a number-weighted mean particle size of 56 m. By differential sieving, three powder subpopulations were derived from this original as-received powder with number-weighted mean particle size: 32, 47, and 88 m. Thus, four deposits, derived from four different feedstocks, were sprayed and studied: fine (32 m), medium (47 m), ensemble or as-received (56 m), and coarse (88 m). For a consistent comparison, appropriate spray conditions were selected to give the same impact temperature (2790°C) and the same spread of the particles for each of the four deposits.
The focus of the study is threefold: to characterize the microstructure of the four deposits, determine the effect of heat treatment on each microstructure, and relate associated changes in the microstructure to those in the elastic modulus. For this purpose, three different measurements were obtained. First, SANS, multiple small-angle neutron scattering (MSANS), and scanning electron microscopy (SEM) were applied to characterize the bulk and surface microstructure of the deposits. Second, the porosity of the deposits were determined from highprecision density measurements. Finally, companion Hertzian indentation experiments were performed to determine the elastic moduli of the deposits.
In the SANS analysis, the internal surface area of the deposits was extracted by fitting the SANS data with the usual Porod's law. [2] [3] [4] The MSANS data were analyzed with a 3-component void model to break down the total porosity and internal surface area into its main individual void-components, namely the interlamellar voids, the intrasplat cracks, and the globular pores. 5 This model was developed specifically for these deposits to take into account their anisotropic microstructure by assuming two different anisotropic spheroidal void networks and a population of globular (spherical) voids to represent the actual void-space in the material. It is assumed that the spheroidal void networks permeate and fill, as closely as possible, the actual void volumes they represent. The results of this analysis indicate that this simple model captures the essential features of the complex microstructure of the actual deposits. In particular, the dominant contribution to both SANS and MSANS data is associated with a spheroid/void orientation where the scattering is most characteristic of the (short) mean opening dimension of the spheroid or planar void, the physical dimension of interest here. The results are found to be consistent with the observations from SEM images and account for the changes in the microstructure caused by heat treatment.
In what follows, we describe the measurements and the results of the data analysis. In Sec. II, we present the details of the processing parameters and conditions used to spray the Metco deposits. Then we present the density, SANS, and MSANS measurements for the different deposits in Sec. III. Remarkably, we show that the total porosity varies monotonically with the size of the feedstock particles. Meanwhile, the internal surface area is almost constant, independent of the size of the particle. In Sec. III. B. 2, we detail the results of the MSANS analysis and correlate them with the observations of the SEM images. In Sec. III. C, we describe the measurements of the elastic modulus performed on two samples at different heat-treatment conditions and relate them to the parameters derived from the MSANS measurements. Finally, in Sec. IV we discuss the results and show that, under similar spray conditions, the size of the feedstock particle has a surprisingly mild effect on the microstructure of the deposits, a conclusion of significance in setting the specifications for the spray parameters.
II. SAMPLE PREPARATION
The YSZ (8% mass fraction yttria) powder with low silica content (below 0.1% mass fraction), which was plasma-spheroidized, was acquired from Sulzer-Metco (batches AE 7590 to AE 7593). The as-received 56-m mean particle-size powder was sieved into three feedstocks of different sizes [fine (37 m), medium (47 m), and coarse (88 m)]. The deposits were sprayed at the Center for Plasma Spray at Stony Brook University, New York, using a Metco 9MB torch (Sulzer Metco, Troy, MI) with a Metco GH nozzle and Metco #2 powder feeder. The spray gun parameters were selected and adjusted so that the average impact temperature (2790°C), particle feed rate, and spread of the impacting particles on the substrates were reasonably the same for all feedstocks. An in-flight pyrometer IPP2000 was used with a remote iris (Inflight Ltd., Idaho Falls, ID) together with an in-flight trajectory sensor (Intelligent Spray Sensor 1024 by Inflight Ltd.) to measure these parameters. Thus, the spray parameters were varied to maintain the same physical deposition conditions and, hence, separate out feedstock profile size as the sole deposition variable. The final spray parameters are listed in Table I .
Thick samples were fabricated by making numerous passes of the spraying torch (290 to 350 passes depending on the particle size). During spraying, the surface temperature of the samples was monitored with a handheld infrared thermometer. The surface temperature was maintained relatively constant (170-230°C) by blowing compressed air on the samples. To obtain free standing samples, a 70-m aluminum bond coat was deposited on the substrate before spraying the powder and was later dissolved with hydrochloric acid. Finally, tetragonalshaped pieces were precision cut from each original bulk deposit with a standard diamond saw to provide suitable samples for accurate density values.
To study the effect of heat treatment on the microstructure a section of each deposit was placed in a temperature-controlled furnace. Two target temperatures were used, 1100 and 1400°C, and the dwell time was set to 1 h. The effect of thermal cycling on the microstructure was also studied by subjecting a section of each deposit to temperature cycles (10×) between room temperature and 1100°C with a 30-min dwell time in the furnace at 1100°C. The heating and cooling rates were set at 600°C/h during the heat treatment. Thus, for each feedstock size (fine, medium, coarse, and ensemble) four conditions were studied: as-sprayed, heat treated at 1100°C for 1 h, heat treated at 1400°C for 1 h, and thermally-cycled (10×) between room temperature and 1100°C. In all, a total of 16 different samples were characterized and studied. All measurements (SANS, MSANS, SEM, density, and elastic modulus) were performed ex situ after thermal treatment in each case. More detailed information about the studied deposits is listed in Table II .
III. EXPERIMENTS

A. Density-porosity measurements
Rectangular parallelepiped samples of nominal dimensions (5 mm × 5 mm × sprayed-thickness 3.5 mm) were diamond cut from the bulk as-sprayed deposits and then ground to smooth the surface. Their orthogonal dimensions were measured with a micrometer screw-gauge to a standard precision of ±1 m. The mass of each sample was then determined with a high-precision balance (±0.001 g). The porosity value of each sample was calculated using a theoretical density of YSZ, d ‫ס‬ 6 g/cm 3 . The density values represent the averages over several (>5) independent measurements, giving 0.2% relative standard deviations. In Fig. 2 , the changes in the total porosities are given as a function of the mean size of the feedstock for all 16 deposits. Note that the sample porosity increases with the mean powder size and that heat treatment reduces the sample porosity by annealing out some of the voids. In Table II , we include the values of the density and porosity of the different samples as well as the values of the internal surface area.
B. SANS and MSANS measurements
The SANS and MSANS experiments were carried out at the 8m SANS instrument at the Center for Neutron Research at the National Institute of Standards and Technology in Gaithersburg, Maryland. Details on the 8m SANS instrument are described elsewhere. 6 The experiments consist of measuring the intensity of the neutrons scattered by the sample at small angles (<7°) away from the forward direction of the incident beam. For this purpose, a beam of neutrons of wavelength was directed toward the sample after passing through several collimating apertures. For the SANS experiments we used ‫ס‬ 0.6 nm, which is appropriate for Porod scattering and the determination of the internal surface area of the sample. The objective in MSANS experiments is to determine the broadening of the scattering profiles as a function of the neutron wavelength. 7, 8 Thus, scattering profiles from each deposit were systematically collected at five different wavelengths: 1.0, 1.2, 1.4, 1.6, and 1.8 nm. The scattered neutrons from the sample were collected by a two-dimensional proportional detector located 3.6 m away from the sample. Typically, every two-dimensional scattering distribution was measured over a 20-30 min period to ensure good statistics in the scattering distribution. The data were further reduced to yield intensity versus the amplitude of the scattering wavevector defined by q ‫ס‬ 4/ sin(/2), where is the scattering angle.
SANS measurements
Unlike many porous microstructures, plasma-sprayed deposits show anisotropy in the orientation distribution of the various void components. Previous investigations Rate of the plasma gases measured at standard pressure and temperature.
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SANS study of the role of feedstock particle size on the microstructural behavior of plasma-sprayed YSZ deposits on similar deposits have shown that the intrasplat cracks are preferentially oriented along the spray direction (perpendicular to the surface of the substrate) whereas the interlamellar pores tend to align parallel to the substrate. 4 This observation was confirmed by SEM images such as that shown in Fig. 1 . A quantitative assessment of the microstructural anisotropy of the deposits is possible by collecting SANS data under an appropriate configuration, in which the scattering wavevector q lies in a plane perpendicular to the substrate; i.e., the direction of the incident neutron beam is parallel to the substrate plane (perpendicular to the spray direction). 5 The measured two-dimensional SANS data are then sector-averaged in 10°increments around the incident beam position on the detector to determine the angular intensity profile, I(q, ), where denotes the polar angle in the two-dimensional plane of the detector. The intensity profiles, I(q, ) versus q, are analyzed to extract S () defined as
where ⌬ is the difference in the scattering length density between that of the voids and that of the matrix (⌬ ‫ס‬ 5.22 × 10 14 m −2 for tetragonal zirconia, up to 5% more for YSZ depending on the exact crystalline phases present). The -dependence of S() quantifies the scattering anisotropy of the sample. Further, the orientationally weighted average 〈S ()〉 is calculated to be the total scattering surface area per unit volume and is the same as the theoretical value S defined in the following expression:
where 〈. . .〉 implies an orientational average. In contrast to the common Porod equation, 2 Eq. (2) is applicable to a more general case of anisotropic microstructures as a three-dimensional average of the sample orientation is taken over all solid angles with respect to the direction of the wavevector q to take into account the anisotropic scattering of the samples. 4, 9 Anisotropic SANS measurements were obtained using a 0.6-nm wavelength neutron beam and covered a q range between 0.1 and 1.6 nm −1 , sufficient to characterize the Porod region of scattering 2, 3 and to determine S . All measurements were corrected for background (air) and calibrated to absolute measurements using a silica standard. In Fig. 3 typical angular dependence of measured S () are shown for the deposits made from the ensemble and coarse feedstocks. The anisotropic nature of the microstructure is apparent; there are substantial variations of S as a function of . Note that near ‫ס‬ 0°, S () is the internal surface area dominated by the projected surface area of the interlamellar pores that are parallel to the substrate plane, whereas near ‫ס‬ 90°S () is the internal surface area dominated by the projected surface area of the intrasplat cracks that are oriented perpendicular to the substrate plane. In Fig. 3 are also plotted the S ()-values measured at different annealing conditions. Here one notices the reduction of the internal surface area as the annealing temperature is increased. However, it is difficult to determine directly from these data whether all or part of the void components are affected by such annealing.
Further insights into the role of feedstock can be drawn from size of the feedstock particles for different annealing conditions. Interestingly, the 〈S 〉 values are nearly constant, independent of the feedstock particle size; variations in 〈S 〉 values do not exceed 5%, well within the general precision of the SANS measurements. It is interesting to contrast these variations in the internal surface area (Fig. 4) with those of the porosity shown in Fig. 2 . For the same annealing conditions 〈S 〉 values do not vary significantly (<5%) while the porosity values vary by as much as 50%. Also, Fig. 4 shows that thermal cycling does not have a cumulative effect; the 〈S 〉 values obtained from the deposit annealed once at 1100°for 1 h are within the experimental uncertainties similar to those obtained from the deposit thermally cycled between room temperature and 1100°C several times (10×).
MSANS measurements
The MSANS formalism was developed to investigate large structures up to several micrometers in size, a size range not accessible by traditional SANS techniques. 7, 8 The assumption of the theory is that the incident neutrons are multiply scattered by the sample. While the individual scattering events are governed by coherent smallangle scattering theory, the multiple scattered events sum together incoherently. Provided there exists sufficient multiple scattering events, the entire incident beam broadens as it passes through the sample. This condition is well satisfied by the thick samples-3.3-5.0 mm thick-which have a relatively large volume fraction of open or closed voids. A typical MSANS experiment consists of measuring the intensity profile as a function of the amplitude of the wave vector (q) of the scattering sample at different wavelengths of the incident neutron beam. The changes in the width of the measured intensity profiles are determined as a function of the wavelength and then analyzed using an MSANS model that describes appropriately the microstructure of the scattering sample. The anisotropy in the present samples provides an additional factor to take into account. 5, 9 For this purpose, the broadening of the intensity profile was measured as a function of the neutron wavelength using two sample orientations with respect to the direction of the incident neutron beam: (i) symmetric orientation, in which the beam direction is parallel to the spraying direction and the sample's surface facing the beam is that parallel to the substrate plane, and (ii) asymmetric orientation, in which the beam direction is parallel to the spraying direction, but the sample's surface facing the beam is that perpendicular to the substrate plane. Thus, two sets of MSANS data are generated and must be analyzed consistently using the MSANS model. The MSANS data were collected using 1.0, 1.2, 1.4, 1.6, and 1.8 nm neutron wavelengths. The two-dimensional intensity distribution was radially averaged to derive the intensity profile I c as a function of the amplitude of the wave vector q. Because the interest was in the broadening of the profile, there was no need to subtract the background and calibrate the data. Following Allen et al. 9 a Gaussian function was used to fit the upper part of the measured profile, and the width of the profile r c was deduced. The fitting range was limited to the intensity range between 40% and 90% of the maximum intensity at q ‫ס‬ 0. Finally, for each wavelength, the measured width of the profile was corrected for the width associated with instrumental resolutions. In Fig. 5 , as a typical example, the variations of the corrected width r c are plotted as a function of the neutron wavelength for the sample made with fine feedstock. The two sets of r c values were the basic data analyzed within the 3-component void model discussed below. To quantify the microstructural anisotropy, the MSANS measurements, obtained in the asymmetric orientation of the sample, were averaged over 15°sectors taken around the incident beam direction. The results are shown in Fig. 6 . These MSANS data were used to check for consistency in the calculated anisotropy as derived from the 3-component void model.
Unlike isotropic microstructures, the anisotropy in the deposits presents both a challenge for exploitingthe MSANS measurements to gain insight into the microstructure of the samples and an opportunity to separate the different anisotropic components. Recently, Allen et al. extended the MSANS formalism to include scattering from anisotropic particles. 5 From this work, aspecific 3-component void model was developed to investigate the particularities of thermal spray deposits. 9 The model includes two anisotropic distributions of spheroidal voids of different radii and aspect ratios (R 1 , R 1 , ␤ 1 R 1 , and R 2 , R 2 , ␤ 2 R 2 ) and one population of spherical pores of radius R 0 . These elements represent the intersplat voids, intrasplat cracks, and globular pores, respectively. ␤ 1 and ␤ 2 define the "oblacity" of the spheroids. The primary goal in the analysis is to calculate the appropriate volume fractions ( 1 , 2 , 0 ) , the surface areas (S 1 , S 2 , S 3 ), the sizes (R 1 , R 2 , R 0 ), and the aspect ratios (␤ 1 , ␤ 2 ) of the component void elements. For consistency, these parameters must reproduce (i) the total surface area S , determined from the SANS-data, (ii) the total porosity T , derived from the density measurements, and (iii) the two sets of MSANS broadening measurements obtained with the two sample orientations. In addition, the angular orientation distribution of the spheroidal elements, combined with their concentration, must yield the observed MSANS anisotropy.
Despite the number of unknown parameters (17 in total), the constraints represent stringent requirements, thereby reducing the number of physically reasonable solutions. The experimental measurements were fitted using the 3-component void model. The model parameters were then adjusted with leastsquare refinement, yielding at the end, the volume fractions, sizes, specific surface areas, and orientation distributions with respect to the incident beam direction of all void components for each sample. Generally, it was found that ␤ 1 ‫ס‬ 1 ⁄10 and ␤ 2 ‫ס‬ 1 ⁄5 and 1.2 ഛ R 0 /R 1 ‫ס‬ R 0 /R 2 ഛ 1.3 gave good fits to all of the data. The relative volume fractions and the orientation distribution of the spheroidal components were, however, varied to account for the anisotropy. Table III lists 
C. Indentation measurements
The apparent elastic modulus of each sample was measured along the spray direction E and in the substrate plane E ⊥ using a modified commercial indentation instrument. 10 Indentation loading/unloading curves were recorded to a precision of ±3 mN (0.3 g-force) and displacements to ±10 nm. For indentations, a 2.381 mm ( 3 ⁄32 in.) diameter WC sphere and a nominal 4 N load were used, resulting in a contact diameter between the WC sphere and the sample of approximately 50 m and a peak elastic penetration depth of approximately 2.5 m. The apparent modulus of the sample E a was determined from the load-displacement curve using the standard Hertzian contact theory that yields the following equation:
where h is the depth of elastic penetration of the indenter, P the load, and R I the indenter radius. A least-squares fit was performed of P 2/3 versus h with E a as a fitting parameter. To determine the true modulus of the sample, a correction was made for the elastic properties of the spherical indenter using the following formula:
with s ‫ס‬ 0.2 and I ‫ס‬ 0.2 being Poisson's ratios of the sample and indenter respectively, and E I ‫ס‬ 614 GPa, the elastic modulus of the indenter. For the load range examined here, it was found that E a 2/3 versus h was linear, indicating an elastic behavior of the deposits. In Table IV , we list the values of the components of the modulus for the deposits made with ensemble and coarse feedstocks.
In Fig. 8 both components of the elastic modulus are plotted as a function of the annealing temperature for the samples sprayed with ensemble and coarse feedstocks. It is clear that because of the structural anisotropy in the samples there is a difference in the components of measured elastic modulus along the two orientations. Moreover, this difference between samples increases with the annealing temperature. A correlation would be expected between the changes in the elastic modulus and those of the internal surface area and/or the porosity. To establish which correlation applies, the variations of the mean
1/3 are plotted as a function of the total porosity and the internal surface area in Figs. 9(a) and 9(b) , respectively. The modest changes in the porosity and internal surface area that occur due to thermal annealing clearly cause significant change in the mean elastic modulus. Figure 9(b) indicates the possible existence of a simple relation between the changes of the internal surface area and the mean elastic modulus. Although the measurements are obtained from two samples with very different porosities, the data appear to fall onto the same curve. In contrast, there is no obvious relation between the mean elastic modulus and porosity itself, when the feedstock particle size is changed. This result corroborates earlier results reported in Ref. 10 .
IV. DISCUSSION
It is first important to mention that the strong and measurable MSANS broadening anisotropy was the key factor in analyzing the microstructure of the present samples. Together with the measured total porosity and the total internal surface area (Figs. 2 and 4) , the two sets of MSANS-broadening data (one obtained with incident beam direction parallel to the symmetric axis and the other obtained with the incident beam direction perpendicular to the symmetric axis) were required to calculate the volume fractions, characterize the morphology, and determine the angular orientations of the main voidcomponents. Here, a 3-component void model was used to fit and analyze the two sets of data. 5 This model is simple and reliably captures the essential characteristics of the complex microstructure. A few remarks should be made, however, about the validity and limitations of the model as well as the resulting fit of the MSANS broadening data.
The size R 0 , shown in Fig. 7 , is exact within the context of the model but should not be taken as an absolute measurement of the sizes of the actual pores. Indeed, SEM images show significant variations in the size of the various pores of the actual microstructure of the deposits. So R 0 represents a typical size of the porous medium, which is in the micrometer range, close to the size range observed in SEM images. More specifically, 2␤ 1 R 1 and 2␤ 2 R 2 (or 2 ⁄3 of these values) represent the maximum (or mean) opening dimension of the intrasplat cracks and interlamellar pores, respectively, while 2R 0 is a measure of the globular pore diameter. 9 It is much more interesting and insightful, however, to consider the trend of the changes of R 0 as a function of the mean size of the feedstock under different heat-treatment conditions (Fig. 7) . Here we note that the diameter 2R 0 increases as a function of the mean size of the feedstock. As generally known, coarser feedstock powder tends to yield more porous deposits under similar spray conditions, possibly because of looser intersplat contacts. Heat treatment induces a monotonic increase in the spacing between the splats; R 0 increases as a function of the annealing temperature. Although not presented in this paper, the SEM images confirm these results.
Comparison of the calculated and measured anisotropy in the MSANS data shows reasonable agreement (Fig. 6) . However, it is not, in general, possible to use the 3-void MSANS model to reconstruct the anisotropic Porod surface variation [ Fig. 3(c) ]. As has been discussed elsewhere, 5 Porod scattering greatly amplifies the true microstructure anisotropy and can be very sensitive to the details of the shape of the individual scattering features. For example, for oblate spheroidal scatterers, monodisperse in size, orientation, and shape, and with aspect ratio ␤, the predicted Porod scattering anisotropy is 1/␤ 4 . Thus, for anisotropic Porod surface analysis, the MSANS model microstructure is an oversimplification of the actual disordered microstructure, and it cannot be expected (usually) to provide a successful reconstruction of the observed Porod scattering. The MSANS broadening is generally less sensitive to the ␤-ratios derived from the data analysis. 5, 9 Thus, our efforts focused on fitting the MSANS anisotropy by finding appropriate internal proportions of the void components.
The total porosity and the total internal surface area curves in Figs. 2 and 4 display a smooth behavior as a function of the mean feedstock size of the particle powder. Interestingly, the behavior of the sample made from as-received powder (ensemble) is no different from the rest of the samples despite its wider feedstock particle size distribution (see Table I ). This suggests that the size distribution of the powder does not induce significant variations in the microstructure of the deposit if the processing parameters are well controlled.
The sample made with coarse feedstock powder (88 m) stands out with its relatively large porosity (≈19%), which is 30% more than that of the other samples (13-14%). However, comparison of the total internal surface areas shows that variation in S does not exceed 15% among the samples. Application of the 3-void model shows that the large porosity in the deposit made with coarse feedstock powder results from a less efficient packing of the splats during spraying, characterized by a large globular pore radius R 0 for this sample (see Fig. 7 ). As Fig. 2 suggests, it appears that this observation is general. That is, increasing the size of the feedstock powder increases the porosity of the deposit.
In general, heat treatment yields a decrease in both the porosity and the specific surface area of all the samples. Analysis with the 3-void model shows first that annealing causes a mild coarsening of the voids at the highest temperature. While the intersplat voids and globular pores together contribute the most to the total porosity (ജ95%), a reverse occurs here in their relative contributions during annealing (Fig. 2) ; the globular pores be- FIG. 9 . The mean elastic modulus of the deposits made with the ensemble (᭝) and the coarse (᭺) feedstock powders is shown as a function of (a) the measured total porosity and (b) the total surface area. The error bars are two standard uncertainties in length determined from the measurements. The lines in (a) are guides for the eyes, while that in (b) is determined from a weighted least-squares fit of the data to a linear function. come the dominant volume contributor for higher annealing temperatures. This trend can be attributed to the coarsening and reshaping of some of the cracks at high temperatures, thereby increasing the volume fraction of the globular pores. However, since the process depends on the relative initial populations of globular pores, interlamellar voids, and cracks, a different feedstock morphology with fewer cracks might not show such a reverse in the relative contributions of globular pores and intersplat voids.
The internal surface area from the intersplat voids represents the most sizable proportion of the total internal surface area (Fig. 4) , even after annealing. However, the small contribution from the globular pores in the assprayed condition becomes more significant than that of the cracks upon annealing. Note that the 1-h heat treatments do not anneal out the cracks completely, even at the highest temperature, 1400°C. A longer annealing time may be needed. Further, annealing of the cracks should not be expected to affect significantly the microstructural anisotropy of the deposits. In fact an increase in the observed anisotropy might be expected since the annealing cracks, which are preferentially oriented perpendicular to the substrate, will contribute less to the scattering. In contrast, the persisting intersplat voids remain preferentially oriented parallel to the substrate and should give rise to an overall increase of the anisotropy. The SANS measurements confirm this prediction.
Up to 1100°C, there are no observable differences in the microstructure of the samples heat treated by a single thermal cycle and those that were thermal cycled several times. Initially, thermal cycling was expected to have a cumulative effect on the annealing process, thereby causing additional changes in the microstructure. Our measurements, however, do not indicate so. This result cannot be generalized, however, to all temperatures; at 1400°C a phase transformation may occur, 12 and thermal cycling might then show a cumulative effect on the deposit.
The indentation measurements showed that the elastic modulus increases as a function of annealing temperature along both the spray direction and parallel to the substrate. This observation should be expected, given that the porosity decreases during annealing. The anisotropic nature of these deposits shows up in the values of the elastic modulus measured along the two different directions. An interesting goal is to find a simple relationship between the sample component porosities and the elastic modulus of anisotropic composites, such as the present deposits. At this time, it is unclear how such an accurate relationship should be formulated, although an approach along the lines of that proposed in Ref. 13 seems likely.
In summary, changing the size of the feedstock powder does not induce dramatic changes in the microstructure of the deposits, whether or not all the particles melt during the spray process. However, while the total internal surface area remains almost constant, the total porosity increases monotonically with feedstock particle size. This is perhaps one of the more interesting findings of our study. Unfortunately, while a simple, perhaps universal, result is suggested, the complex heterogeneous nature of the coatings means that a number of complicated processes may be superimposed on one other. Thus, further study of the various possible influences on particle subpopulations differentiated by shape, composition, and detailed morphology, as well as by size, would be fruitful. Heat treatments induce changes in the microstructure, but these changes follow a similar trend for all the deposits. Generally, a monotonic variation in the microstructural parameters with feedstock particle size remains after annealing. This monotonic dependence extends to the as-received powder, which has a much broader particle size distribution (encompassing all the others). This suggests that the feedstock mean particle size may be a useful process control parameter in designing better optimized deposit microstructures but that the detailed particle size distribution may not play a significant role especially if the spray process melts all of the particles.
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